evaluated. In this study, we analyzed the clinical results of LVAD implantation with regard to the preoperative INTER-MACS level and risk factors to evaluate the optimal timing of LVAD implantation for patients with severe heart failure.
Methods

Patients
Since the first continuous flow LVAD implantation at the Osaka University Hospital was performed in 2006, we enrolled 82 patients who underwent 84 LVAD implantations from January 2006 to August 2011. LVAD implantation was indicated for patients with irreversible end-stage heart failure who were eligible for, or possible candidates, for heart transplantation, with the exception of 1 patient who underwent Nipro LVAD implantation followed by a conversion to Jarvik 2000 (Jarvik Heart, Inc, New York, NY, USA) LVAD implantation as part of their destination therapy. 13 The hospital records of these 84 patients were retrospectively reviewed and categorized on the basis of their preoperative status according to INTERMACS level classification 10 as follows. INTER-MACS level 1 included patients with life-threatening hypotension despite rapidly escalating inotropic support and critical organ hypoperfusion, often confirmed by worsening acidosis and/or lactate levels. INTERMACS level 2 included those unable to tolerate inotropic therapy, while level 3 patients had stable blood pressure, organ function, nutrition, and symptoms, and who had continuous intravenous inotropic support. All patients supported by extracorporeal membrane oxygenation (ECMO) were classified as INTERMACS level 1 and those supported by intraaortic balloon pumping without cardiogenic shock in order to maintain stable hemodynamics until LVAD implantation were classified as level 2. For the present study analysis, we divided all patients into 2 groups: INTERMACS level 1 (n=41) and level 2/3 (n=43). No patients in this study were classified as INTERMACS level 4 or higher. The study protocol was approved by the Institutional Review Board of the Osaka University Graduate School of Medicine. Individual patients were not identified in this study, thus individual consent was not required.
Devices
The details of device distribution are listed in Table 2 . Most patients (56/84) underwent Nipro LVAD implantation because Nipro LVAD was the only commercially available device since the production of Novacor (WorldHeart Corp, Oakland, CA, USA) was terminated in 2006. Recently, clinical trials of new-generation LVADs such as the Jarvik 2000 (Jarvik Heart, Inc, New York, NY, USA), EVAHEART (Sun Medical Technology Research, Nagano, Japan), DuraHeart (Terumo Heart, Inc, Ann Arbor, MI, USA), and HeartMate II (Thoratec, Pleasanton, CA, USA) have been carried out in a limited group of patients without significant complications. DuraHeart, Jarvik 2000, and Heartware (HeartWare, Framingham, MA, USA) were also implanted in several patients at the Osaka University Hospital in a study supported by a Grant-in-Aid for scientific research from the Ministry of Health, Labor, and Welfare of the Japanese Government. The number of the different types of devices used is listed in Table 2 . Patients who underwent Nipro LVAD implantation for bridge-to-bridge use, followed by a conversion to other continuous-flow LVADs were included with the Nipro LVAD recipient group. The majority of patients in the INTERMACS level 1 group underwent Nipro LVADs implantation. Implantable continuous-flow LVADs were more frequently used in the INTERMACS level 2/3 group because they were often used in clinical trials that excluded patients with cardiogenic shock.
All operative procedures were performed with either a median sternotomy or left thoracotomy, as previously described. 14 
Variables
Laboratory variables were adopted from laboratory data obtained just prior to LVAD implantation. In patients who required preoperative hemodiafiltration, the maximum preoperative Cr level was used for analysis. Renal function was assessed by calculating the glomerular filtration rate (GFR) using revised equations for estimated GFR (eGFR) from serum creatinine (Cr) for Japan, as follows (abbreviated): GFR = 194 × (Cr, mg/dl) -1.094 × (age) -0.287 × 0.739 (if female). 15 The last echocardiographic parameters before LVAD implantation were used for left ventricular dimension (LVDd/Ds) and ejection fraction. Severe pulmonary congestion was defined as severely increasing bilateral pulmonary artery shadows and pulmonary edema involving the bilateral upper lobes.
Statistical Analysis
Continuous variables are expressed as mean ± SD and were compared using the Student's t-test for unpaired data, where appropriate. Categorical variables were compared using Fisher's exact test. Univariate analysis was first applied using logistic regression for continuous variables and Fisher's exact test for categorical variables, and factors with P<0.2 were considered for a multivariate logistic model to identify the risk factor of 90-day mortality in the INTERMACS level 1 group. Kaplan-Meier analysis was used to estimate the overall survival rate. The survival rates were compared between the 2 groups using log-rank analysis, with a P value <0.05 considered significant. Cut-off values for serum Cr level and eGFR were calculated using a receiver operating characteristic (ROC) curve. Statistical analyses were performed using JMP 8.0 (SAS Institute, Cary, NC, USA).
Results
The preoperative patient demographics are summarized in Table 2 . Approximately 70% of the patients were men with a median age of 38 years in the both groups. The leading etiology of heart failure was idiopathic dilated cardiomyopathy in both groups, but it was more frequent in the INTERMACS level 2/3 group. In contrast, almost all of the patients with acute myocardial infarction or fulminant myocarditis were included in the INTERMACS level 1 group. There was a certain device selection bias as previously mentioned. The number of patients who required preoperative mechanical support was much higher in the INTERMACS level 1 group. Preoperative laboratory data showed that the values of white blood cell counts and C-reactive protein were significantly higher in the INTERMACS level 1 group, and that the liver function and renal function were worse in this group but did not reach a statistically significant level. The serum total protein levels were significantly lower in the INTERMACS level 1 group, and their serum brain natriuretic peptide levels were significantly higher. A preoperative echocardiography showed more a dilated left ventricular dimension in the INTERMACS level 2/3 group patients. We compared the preoperative characteristics, early mortality, and cumulative survival rates between the 2 groups. To elucidate the preoperative risk factors for in-hospital death, which occurred most commonly within the first 90 days, 3 we performed a subset analysis of the IN-TERMACS level 1 group data to determine independent preoperative predictors for 90-day mortality.
The early results are shown in Table 3 . The 90-day mortality was 24.4% (10/41) in the INTERMACS level 1 group. The causes of death in this group were multiple organ failure in 6 patients, cerebrovascular events in 3 patients, and sepsis in 1 patient. In the INTERMACS level 2/3 group, 1 patient died because of a cerebrovascular event within the first 90 days (P=0.003). To eliminate a device selection bias, we compared the early clinical results of Nipro LVAD implantation between the 2 groups. The 90-day mortality rate was also significantly higher in the INTERMACS level 1 group (28.6%) than in the INTERMACS level 2/3 group (4.4%) (P=0.037). The postoperative intubation period was significantly longer in the IN-TERMACS level 1 group (10.7 days) than in the INTER-MACS level 2/3 group (2.4 days) (P=0.003). Postoperative continuous chronic hemodiafiltration (CHDF) was required in 16 The majority of in-hospital deaths in both groups occurred within the first 3 months, as shown by the cumulative survival rates presented in Figure 1 . Overall cumulative survival rates are shown in Figure 1A . Cumulative survival rates were significantly lower in the INTERMACS level 1 group (82.9% at 30 days, 75.6% at 90 days, and 63.7% at 1 year) than in the INTERMACS level 2/3 group, (100% at 30 days, 97.7% at 90 days, and 85.3% at 1 year) (P=0.015). To eliminate a device selection bias, we evaluated cumulative survival rates in Nipro LVAD-implanted patients; Figure 1B shows the cumulative survival rates in these groups of patients, which were 80.0% at 30 days, 71.4% at 90 days, and 58.4% at 1 year in the IN-TERMACS level 1 group, and 100% at 30 days, 95.6% at 90 days, and 73.8% at 1 year in level 2/3 group (P=0.071). As shown in Figures 1A and B , the majority of deaths in the INTERMACS level 1 group occurred within the first 3 months, which was significantly different to that of the INTERMACS level 2/3 group, although there was no statistically significant difference in regard to NIPRO patients. In contrast, the rates of mortality were quite similar between the 2 groups from 3 months after LVAD implantation.
Because there are still many INTERMACS level 1 patients who undergo LVAD implantation in Japan, we performed a subset analysis for the patients within this group. The results of the univariate and multivariate analyses of the risk factors for 90-day mortality rates in the INTERMACS level 1 group are shown in Table 4 . The multivariate analysis identified preoperative serum Cr level as an independent predictor of 90-day mortality. Although the requirement of RVAD was found to be a significant risk factor for long-term mortality in our previous study, we did not include RVAD requirement as a factor in this subset multivariate analysis because we evaluated 'preoperative' risk factors for 90-day mortality. 14 ROC curve results showed that a preoperative level of Cr of 1.96 mg/dl was an optimal cut-off value for 90-day mortality, with a sensitivity of 80.0% and specificity of 81.7%, while a preoperative eGFR level of 25.0 ml/min had a sensitivity of 70.0% and specificity of 77.4% (Figures 2A-C) . Figure 3 shows the cumulative survival rates of patients with or without preoperative serum Cr level of >1.96 mg/dl. The actual survival rates were 96.2% at 30 days, 88.0% at 90 days, and 77.5% at 1 year in patients with Cr levels of <1.96 mg/dl, and 60.0% at 30 days, 46.7% at 90 days, and 31.1% at 1 year in patients with Cr levels of ≥1.96 mg/dl (P=0.0011).
Contrary to previous reports, our results showed that the preoperative requirement of ECMO was not an independent risk factor of mortality. 17 Therefore, we performed a subset analysis for the patients within the INTERMACS level 1 group treated with or without preoperative ECMO support. Figure 4 shows the cumulative survival rates of patients in the INTERMACS level 1 group categorized according to renal function level and preoperative ECMO requirement. Regardless of the preoperative ECMO support, patients with serum Cr levels of <1.96 mg/dl had a better prognosis than patients with serum Cr levels of >1.96 mg/dl (P=0.018).
Discussion
In our previous study published in 2010, we concluded that age at implantation and requirement of RVAD were significant risk factors for long-term mortality of patients undergoing LVAD implantation. 14 However, it is important to distinguish long-term mortality from perioperative mortality, because the cause of death varies depending on the period. Hence, in the present study, we evaluated preoperative factors related to early mortality to elucidate the optimal timing for LVAD implantation for patients with severe heart failure.
In the second INTERMACS annual report, it was found that LVAD implantation in INTERMACS level 2/3 patients led to a better prognosis than that of INTERMACS level 1 patients. 12 Our results are consistent with those results. Although a paracorporeal pulsatile device was more frequently used in our study, the cumulative survival rates following device implantation were similar to those reported in the second INTER-MACS annual report. 12 Lietz et al reported that the majority (79%) of in-hospital deaths occurred during the first 3 months of LVAD implantation, 3 and our results confirm these data. As shown in Figure 1 , most deaths occurred within the first 3 months and contributed to the significant difference between the 2 groups, whereas the survival rate after 3 months was similar between the groups. Following elimination of device selection bias, analysis of patients with a Nipro LVAD implant showed nearly the same results as that found with all of the patients, with no significant difference. These results suggest that early mortality depends more on preoperative status than the type of device used. In support of this, we observed that the most frequent cause of early death was multi-organ failure, which was often already present preoperatively, rather than device-related complications such as drive-line infection and cerebrovascular events. In contrast, preoperative INTER-MACS classification seems to have no relationship to longterm mortality from 3 months after implantation. The post-LVAD comorbidities were significantly more frequent in patients in the INTERMACS level 1 group (Table 3 ). Patients in the INTERMACS level 1 group more often required prolonged mechanical ventilation and postoperative continuous hemodialysis. Previous studies including our study showed that RVAD requirement was a significant predictor of overall mortality and device-related infections. 14,18, 19 In more recent studies, it was reported that laboratory variables, which are indirectly related to RV function (eg, bilirubin and Cr levels), were more strongly associated with the need for biventricular support than with the preoperative hemodynamic variables. 19,20 Therefore, early LVAD implantation before a progressive decline of end-organ function is essential to prevent these postoperative complications.
Nonetheless, there are still many patients in INTERMACS level 1 group with progressive end-organ dysfunction referred to us for LVAD implantation. Thus, we performed a subset risk analysis for early mortality for INTERMACS level 1 patients (Table 4) .
Univariate and multivariate analysis for the INTERMACS Figure 2 . (A) A receiver operating characteristic (ROC) curve revealed that 1.96 mg/dl of preoperative serum creatinine (Cr) level was an optimal cut-off value for 90-day mortality with a sensitivity of 80.0% and a specificity of 81.7%. (B) The ROC curve also revealed that 25.0 ml/min of preoperative estimated glomerular filtration rate (eGFR) was a cut-off value for 90-day mortality with a sensitivity of 70.0% and a specificity of 77.4%. (C) Scatter plotting of the preoperative serum creatinine level according to 90-day mortality. Predictor of Early Mortality of LVAD Implantation level 1 patients showed pre-existing renal dysfunction as the independent risk factor for early mortality. A ROC curve ( Figure 2 ) showed that a preoperative Cr level of 1.96 mg/dl was an optimal cut-off value for early mortality, and patients without severe renal impairment (Cr level <1.96 mg/dl) showed significantly better prognosis than patients with impaired renal function (Cr ≥1.96 mg/dl) ( Figure 3 ). Sandner et al found that the survival rates of patients whose GFR was <60 ml · min -1 · 1.73 m -2 at LVAD implantation were significantly worse than those of patients with GFR >60 ml · min -1 · 1.73 m -2 . 21 In addition, Butler et al reported that patients with Cr clearance (CrCl) values of <47 ml/min had a significantly higher risk of mortality than patients with CrCl values of >95 ml/min (OR: 1.95; 95%CI, 1.14-3.63). 22 Although preoperative renal dysfunction sometimes improves after LVAD implantation, those patients often require perioperative CHDF after LVAD implantations, resulting in prolonged ICU stay and increased risks of other complications such as catheter infection and prolonged mechanical ventilations, and therefore might increase early mortality. These results suggests that LVAD implantation should be considered without delay for patients with end-stage heart failure if renal function progressively declines despite optimal medical therapy.
In the present study, the preoperative serum bilirubin level was not found to be the independent risk factor for 90-day mortality in logistic regression analysis. In addition, our previous study using a Cox-hazard model also revealed that serum bilirubin was not the independent risk factor for long-term mortality. 14 These results do not agree with those of several previous studies. 1,20, 23 The reason for this discrepancy might be that we aggressively implant a temporary RVAD at the time of LVAD implantation if the patient is regarded as high risk for insufficient hemodynamic with exclusive LVAD support. Fitzpatrick et al recommended proceeding directly to 24 In the present study, approximately half of our patients in the INTERMACS level 1 group underwent simultaneous RVAD implantation, of whom 6 of 21 were weaned from temporary RVAD support.
Interestingly, preoperative mechanical support with ECMO was not a significant risk factor for early death in our study, whereas Klotz et al reported that preoperative ECMO support was one of the independent risk factors of ICU mortality. 17 As shown in Figure 4 , the cumulative survival curve mainly depends on the existence of renal dysfunction rather than on ECMO support. According to Lietz et al, the risk of LVAD surgery was not correlated with the hemodynamic severity of heart failure but was correlated with the presence of comorbidities. 3 We believe that mechanical support itself is useful to prevent end-organ dysfunction. We now believe that immediate ECMO support should be provided for patients with progressively declining renal function due to refractory heart failure, and LVAD implantation should be considered without delay if further deterioration of end-organ function is noted even with ECMO support.
Study Limitation
There are several limitations in the present study. First, the main limitation is that our study was a retrospective study limited to a single institution. There was a device selection bias between INTERMACS level 1 and level 2/3 groups because of the use of new continuous-flow devices in clinical trials. Preoperative hemodynamic variables such as right ventricular stroke work (RVSW) and the RVSW index could not be obtained in more than 25% of the patients and was not considered while calculating the results. We did not distinguish between acute renal failure and chronic renal failure, which is more refractory to LVAD implantation. In addition, in patients with preoperative hemodiafiltration, the serum Cr level did not indicate precise renal function. Another limitation is the fact that the differences of LVAD performance due to the use of different devices, which might influence systemic circulation and mortality, were not evaluated.
Conclusions
Our data show that LVAD implantation in stable conditions contributes to a better clinical outcome for patients with severe heart failure. If critical cardiogenic shock occurs, LVAD implantation must be considered immediately before any impairment of other end-organ functions, especially renal function.
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